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GHWHUPLQHGDVZHOODVWKHSKDVHVLQYROYHGLQWKHMRLQWIRUPDWLRQLQWKHFDVHRISXUHQLFNHOEUD]HGZLWKDXVXDOILOOHU
DOOR\FDOOHG%1L,QDGGLWLRQWKHUHVLGXDOVWUHVVDQGGLVWRUWLRQDQDO\VLVDIWHUEUD]LQJDQGFUHHSUXSWXUHUHVLVWDQFH
IRU EUD]LQJ MRLQW DW KLJK WHPSHUDWXUH KDYH EHHQ LQYHVWLJDWHG >  @ $SSOLFDWLRQ RI VXFK DOOR\V UHTXLUHV D
FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKHLU PHFKDQLFDO SURSHUWLHV DW VPDOO YROXPH VL]H DQG DW HOHYDWHG WHPSHUDWXUHV
+RZHYHUVXFKLQIRUPDWLRQLVVWLOOODFNLQJIRUERWKVROGHUMRLQWVDQGEXONDOOR\
,Q UHDO DSSOLFDWLRQ WKH WKLFNQHVV RI WKH %1L ILOOHU PHWDO FDQ EH LQ WKH UDQJH RI D IHZ PLFURQV DQG WKH
LQWHUPHWDOOLFFRPSRXQGVRIVROGHUMRLQWVFDQEHXQGHUPLFURQLQGLPHQVLRQ7KXVQDQRLQGHQWDWLRQLVDVXLWDEOHWRRO
IRU WKHVH H[WUHPHO\ VPDOOVFDOH FRPSRQHQWV 1DQRLQGHWDWLRQ WHFKQLTXH ZKLFK KDV EHHQ ZLGHO\ XVHG LQ
FKDUDFWHUL]LQJPHFKDQLFDOSURSHUWLHVRIVPDOOVFDOHGVWUXFWXUHZLWKRXWGHVWUXFWLRQRIWKHVDPSOHVSURYLGHVDFFXUDWH
FRQWUROVRQORDGGLVSODFHPHQWDQGSRVLWLRQ%DVHGRQWKHFRQWLQXRXVORDGGHSWKFXUYHVDJUHDWGHDORILQIRUPDWLRQ
DERXWWKHPHFKDQLFDOSURSHUWLHVDQGGHIRUPDWLRQRIWKHPDWHULDOEHQHDWKWKHLQGHQWHUFRXOGEHREWDLQHG>@)RU
H[DPSOHWKHKDUGQHVVDQG<RXQJ¶VPRGXOXVFDQEHREWDLQHGIURPWKHPD[LPXPORDGDQGWKHLQLWLDOXQORDGLQJVORSH
XVLQJWKHPHWKRGVVXJJHVWHGE\2OLYHUDQG3KDUU>@RU'RHUQHUDQG1L[>@1DQRLQGHQWDWLRQKDVDOVREHHQXVHG
WRPHDVXUH<RXQJ¶VPRGXOXVDQGKDUGQHVVRIWKLQILOPV>@PLFURVWUXFWXUDOSKDVHV>@DQGEXONPDWHULDOV
>@5HFHQWO\WKHSODVWLFSURSHUWLHVRIDPDWHULDOVXFKDV\LHOGVWUHVVDQGZRUNKDUGHQLQJH[SRQHQWKDYHDOVR
EHHQH[WUDFWHGIURPLQVWUXPHQWHGLQGHQWDWLRQ>@,WLVFRQILUPHGWKDWLWLVDXVHIXOWRROIRUHYDOXDWLQJWKHHODVWLF
DQGSODVWLFSURSHUWLHVRIPDWHULDOVDQGFRPSRQHQWV'DPSLQJDQGLQWHUQDOIULFWLRQSURSHUWLHVVXFKDVWKHVWRUDJHDQG
ORVV PRGXOXV >@ DFWLYDWLRQ HQHUJ\ DQG VWUHVV H[SRQHQW IRU FUHHS >@ DQG IUDFWXUH WRXJKQHVV RI EULWWOH
PDWHULDOV >@ KDYH DOVR EHHQPHDVXUHG XVLQJ QDQRLQGHQWDWLRQ WHFKQLTXH 7KHVH VWXGLHV KDYH LQYHVWLJDWHG WKH
PHFKDQLFDO EHKDYLRU RI WKH FRPSRQHQW RI WKH VROGHU MRLQW VWUXFWXUH EXON VROGHU LQ WKH DVVROGHUHG FRQGLWLRQ DQG
RWKHUVPDOOVFDOHVWUXFWXUHV
,QWKLVVWXG\WKHPHFKDQLFDOSURSHUWLHVRIDVFDVW%1LILOOHUPHWDOZHUHLQYHVWLJDWHGE\QDQRLQGHQWDWLRQWHVWV
1DQRLQGHQWDWLRQ KDV WKH FDSDELOLW\ WR DFFXUDWHO\PHDVXUH WKH<RXQJ¶VPRGXOXV DQG KDUGQHVV RI VPDOO YROXPHV
ZKLFKLVH[SORUHGRQWKHFDVW%1LILOOHUPHWDOLQWKLVZRUN8VLQJWKHPRGHOE\'DRHWDO>@WKH\LHOGVWUHQJWK
DQGZRUNKDUGHQLQJH[SRQHQWFRXOGEHH[WUDFWHGIURPWKHORDGLQJ±XQORDGLQJEHKDYLRUGXULQJLQGHQWDWLRQ
([SHULPHQWDOSURFHGXUH
%1LZDVSUHSDUHGE\FDVWLQJ%1LVROGHUSRZGHULQDVWDLQOHVVVWHHOYHVVHO%1LZHUHKHDWHGWRq&DW
KHDWLQJ UDWHRIq& PLQ LQDYDFXXP OHVV WKDQ3DFRQGLWLRQ UDSLGFRROLQJZLWK OLTXLGQLWURJHQ WLOO q&
DIWHUPLQLQFXEDWLRQDQGPLQKHDWSUHVHUYDWLRQOHWWKHHOHPHQWGLIIXVLRQKRPRJHQHRXVO\WKHQREWDLQHGDVFDVW
%1LILOOHUPHWDODORQJZLWKIXUQDFHFRROLQJ7DEOHVKRZVWKHFKHPLFDOFRPSRVLWLRQVLQZWRIWKHVROGHUXVHG
LQWKLVVWXG\7KHDVFDVW%1LZDVPDFKLQHGLQWRFXEHVRIPPîPPîPPPPîPPîPPUHVSHFWLYHO\
7KHVROGHUZDVWKHQFDUHIXOO\JURXQGZLWKVDQGSDSHUGRZQWRDQGJULWIROORZHGE\SROLVKLQJZLWK
XPGLDPRQGVXVSHQVLRQ7KHVDPSOHZDVFOHDQHGLQHWKDQRODQGGLVWLOOHGZDWHUDQGGULHGLPPHGLDWHO\
7DEOH7KHFRPSVLWLRQVRIDVFDVW%1LVROGHUDOOR\
0DWHULDO &RPSVLWLRQ % 6L &U )H 1L
%1L ZW     

)LJXUH  VKRZV WKH LQVWUXPHQWHG QDQRLQGHQWDWLRQ V\VWHP $JLOHQW * 86$ 7KH PD[LPXP ORDG RI WKH
PDFKLQHLVP1DQGWKHORDGUHVROXWLRQRIWKHV\VWHPLVOHVVWKDQQ17KHPD[LPXPLQGHQWDWLRQGHSWKRIWKH
V\VWHPLVXPDQGWKHGLVSODFHPHQWUHVROXWLRQLVOHVVWKDQQP1DQRLQGHQWDWLRQWHVWVZHUHFRQGXFWHGRQWKH
DVFDVW %1L VROGHU DOOR\ WR DFTXLUH LWV PHFKDQLFDO SURSHUWLHV $OO LQGHQWDWLRQ WHVWV ZHUH SHUIRUPHG DW URRP
WHPSHUDWXUH ,QGHQWDWLRQ ZDV FRQGXFWHG ZLWK D WKUHHVLGHG S\UDPLG %HUNRYLFK LQGHQWRU RQ SROLVKHG VDPSOHV
&DOLEUDWLRQIRUPRGXOXVRUKDUGQHVVFDQEHHYDOXDWHGDVDIXQFWLRQRILQGHQWDWLRQGHSWK>@
/RDGXQORDGH[SHULPHQWVZHUHSHUIRUPHG WRXQGHUVWDQG WKHHIIHFWVRIGLIIHUHQW ORDGLQJFRQGLWLRQV ,QRUGHU WR
PLQLPL]H SODVWLF HIIHFWV WKH LQGHQWHU ZDV ORDGHG DQG XQORDGHG WZLFH LQ D FRQVWDQW ORDGLQJ UDWH ZLWK ZKLFK
XQORDGLQJLVWHUPLQDWHGDWRIWKHSHDNORDGWRDVVXUHWKDWFRQWDFWLVPDLQWDLQHGEHWZHHQWKHVSHFLPHQDQGWKH
LQGHQWHU/RDGLQJXQORDGLQJUDWHVRIP1VP1VP1VDQGP1VDQGWKHPD[LPXPORDGRIP1P1
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DQG P1 V KROGLQJ WLPH DW WKH SHDN LQGHQWDWLRQ ORDGZHUH XVHG LQ WKH H[SHULPHQW7KH GHSWKV UDQJHG IURP
QPWRQP$IWHU WKHODVWXQORDGLQJ WKH ORDGZDVKHOGFRQVWDQWIRUDSHULRGRIVDW WKHRI WKHSHDN
YDOXHZKLOHWKHGLVSODFHPHQWZDVFDUHIXOO\PRQLWRUHGWKHWKHUPDOGULIW<RXQJ¶VPRGXOXVDQGKDUGQHVVYDOXHVIRUD
JLYHQ LQGHQWDWLRQ DUH WDNHQ DV WKH DYHUDJH YDOXH RYHU D VSHFLPHQ GHSWK ZKHUH WKH PRGXOXV DQG KDUGQHVV ZHUH
LQGHSHQGHQW RI GHSWK LH EHWZHHQ DSSUR[LPDWHO\ ± QP LQWR WKH VSHFLPHQ(DFK WHVWZDV SHUIRUPHG ILYH
WLPHVPHDVXUHPHQWDQGWRRNWKHDYHUDJHUHVXOW


)LJ,QVWUXPHQWHGQDQRLQGHQWDWLRQV\VWHP$JLOHQW*86$
5HVXOWVDQGGLVFXVVLRQV
'XULQJDW\SLFDOQDQRLQGHQWDWLRQWHVWORDGDQGGLVSODFHPHQWDUHUHFRUGHGDVWKHLQGHQWHUWLSLVSUHVVHGLQWRWKH
WHVW PDWHULDO¶V VXUIDFH ZLWK D SUHVFULEHG ORDGLQJ DQG XQORDGLQJ SURILOH 7KH UHVSRQVH RI LQWHUHVW LV WKH ORDG
GLVSODFHPHQWFXUYHRIWHQFDOOHGWKHP-hFXUYHDVGHSLFWHGLQ)LJIRUDQLQGHQWDWLRQRQ%1L
3.1. Young’s modulus and hardness 
,Q WKLV VHFWLRQ ZH GHVFULEH WKH DQDO\VLV PHWKRG GHYHORSHG E\ 2OLYHU DQG 3KDUU >@ IRU REWDLQLQJ <RXQJ¶V
PRGXOXV DQG KDUGQHVV IURP WKH LQGHQWDWLRQ FXUYHV DV ZHOO DV WKH PRGXOXV DQG KDUGQHVV UHVXOWV $ W\SLFDO
LQGHQWDWLRQ ORDG±GLVSODFHPHQW FXUYH IRU %1L LV VKRZQ LQ )LJ  7KH<RXQJ¶VPRGXOXVZDV REWDLQHG E\ ILUVW
PHDVXULQJWKHFRQWDFWVWLIIQHVVS7KLVPD\EHREWDLQHGIURPWKHVORSHRQXQORDGLQJS=(dP/dh)hmax7KHFRQWDFW
VWLIIQHVVLVWKHQUHODWHGWRWKHUHGXFHG<RXQJ¶VPRGXOXVErE\WKHIROORZLQJUHODWLRQ>@
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ȕ IRUD%HUNRYLFKLQGHQWHU>@DQG$LV
WKHSURMHFWHGFRQWDFWDUHDRILQGHQWDWLRQErLVWKHUHGXFHGHODVWLFPRGXOXVZKLFKDFFRXQWVIRUWKHIDFWWKDWHODVWLF
GHIRUPDWLRQRFFXUVLQERWKWKHVDPSOHDQGWKHLQGHQWHUFDQEHUHODWHGWRWKH<RXQJ¶VPRGXOXVE\
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ZKHUHEDQGQDUHWKHVDPSOH<RXQJ¶VPRGXOXVDQG3RLVVRQ¶VUDWLRUHVSHFWLYHO\DQGWKHVXEVFULSW iUHIHUVWRWKH
LQGHQWHU,QWKLVVWXG\Ei ZDVWDNHQDV*3DDQGQiDV>32@
)RUDQLQGHQWHUZLWKDNQRZQJHRPHWU\ WKHSURMHFWHGFRQWDFWDUHDLVDIXQFWLRQRI WKHFRQWDFWGHSWK7KHDUHD
IXQFWLRQIRUDSHUIHFW%HUNRYLFKLQGHQWHULVJLYHQE\
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 cc hA    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,QGHQWHUVXVHG LQSUDFWLFDOQDQRLQGHQWDWLRQ WHVWLQJDUHQRW LGHDOO\VKDUS7KHUHIRUH WLSJHRPHWU\FDOLEUDWLRQRU
DUHDIXQFWLRQFDOLEUDWLRQLVQHHGHG$VHULHVRILQGHQWDWLRQVLVPDGHRQIXVHGTXDUW]DWGHSWKVRILQWHUHVW$SORWRI
AcYHUVXVhcFDQEHFXUYHILWDFFRUGLQJWRWKHIROORZLQJIXQFWLRQDOIURP
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ZKHUHCiDUHFRQVWDQWVZKHQiHTXDOVWRDQG7KHOHDGWHUPGHVFULEHVDSHUIHFW%HUNRYLFKLQGHQWHU WKHRWKHUV
GHVFULEHGHYLDWLRQVIURPWKH%HUNRYLFKJHRPHWU\GXHWREOXQWLQJRIWKHWLS>@
7KHFRQWDFWGHSWKFDQEHHVWLPDWHGIURPWKHORDGGLVSODFHPHQWGDWDXVLQJ(T
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ZKHUHHLVDFRQVWDQWWKDWGHSHQGVRQWKHLQGHQWHUJHRPHWU\H IRUD%HUNRYLFKLQGHQWHU
7KH<RXQJ¶VPRGXOXVELVREWDLQHGIURP(TVDQG7KHKDUGQHVVRIDPDWHULDOLVGHILQHGDVLWVUHVLVWDQFH
WRSODVWLFGHIRUPDWLRQ7KXVKDUGQHVVHLVGHWHUPLQHGIURPPD[LPXPLQGHQWDWLRQORDGPmaxGLYLGHGE\WKHDFWXDO
SURMHFWHGFRQWDFWDUHDAcDQGZULWWHQDV
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/RDG±GLVSODFHPHQWUHVSRQVHVIRUILOOHUPHWDO%1LDUHVKRZQLQ)LJZKLFKVKRZVDFRPSDULVRQRIWKHUHVXOWV
WHVWHGLQGLIIHUHQWYDOXHVRIWKHPD[LPXPORDGDQGORDGLQJUDWHV,WFDQFOHDUO\EHREVHUYHGWKDWWKHVDPSOHH[KLELWV
HODVWRSODVWLFEHKDYLRXUDWURRPWHPSHUDWXUH0RVWP–hFXUYHVZLWKLQFUHDVLQJORDGVFRLQFLGHZHOOZLWKHDFKRWKHU
7KHFXUYHVGHPRQVWUDWHDVPRRWKVKDSHDQGQRSRSLQFRXOGEHGHWHFWHG:KHQ WKH ORDGLQJUDWHGHFUHDVHGIURP
P1VWRP1VWKHGLVSODFHPHQWLQWRVXUIDFHLQFUHDVHGVOLJKWO\ZKLFKFDQEHVHHQLQ)LJE)RUH[DPSOH
ZLWKWKHVDPHORDGRIP1GXULQJWKHLQFUHDVHWKHGLVSODFHPHQWZDVQPZKHQWKHORDGUDWHZDVP1VZKLOH
LWZDVQPIRUDORDGUDWHRIP1V$WWKHPD[LPXPORDGRIP1WKHGLIIHUHQFHRIGLVSODFHPHQWFRXOGEH
QPEHWZHHQWKHORDGUDWHRIP1VDQGP1V7KHGLIIHUHQFHLQWKHGLIIHUHQWUDWHVGXULQJORDGLQJFDXVHVD
VPDOOGLIIHUHQFHLQGHSWK%HFDXVHRIORQJHUWLPHWKHSODVWLFGHIRUPDWLRQDFFXPXODWLRQDWORZHUORDGLQJUDWHVLWLV
JUDQWHGWKDWWKHP-hFXUYHVDUHULJKWVKLIWVOLJKWO\$ERYHDOOLWFDQEHFRQFOXGHGWKDWORDGLQJUDWHLVLQVHQVLWLYHIRU
DVFDVW%1LILOOHUPHWDO
)RU DVFDVW %1L VROGHU DOOR\ LW LV DSSDUHQW WKDW WKH XQORDGLQJ FXUYH LV ODUJHO\ HODVWLF ,Q VRPH PDWHULDOV
GLVSODFHPHQWV UHFRYHUHGGXULQJ LQLWLDO XQORDGLQJPD\QRWEH HQWLUHO\ HODVWLF DQGEHFDXVHRI WKLV WKHXVHRI ILUVW
XQORDGLQJFXUYHVLQWKHDQDO\VLVRIHODVWLFSURSHUWLHVFDQVRPHWLPHVOHDGWRLQDFFXUDFLHV2QHZD\WRPLQLPL]HQRQ
HODVWLFHIIHFWVLVWRLQFOXGHSHDNORDGKROGSHULRGVLQWKHORDGLQJVHTXHQFHWRDOORZWLPHGHSHQGHQWSODVWLFHIIHFWVWR
GLPLQLVK>@7KHSURFHGXUHDGRSWHGWRPLQLPL]HHIIHFWVLQWKLVVWXG\LVWRORDGDQGXQORDGWKHLQGHQWDWLRQWZLFH
DQG LQFOXGH V KROGLQJ SHULRGV DW SHDN ORDG ,Q DGGLWLRQ DV VKRZQ LQ )LJ  F DW WKH ORDGLQJ UDWH RI P1V
ORDGLQJFXUYHVRIWKHDVFDVW%1LILOOHUDOOR\XQGHUGLIIHUHQWSHDNORDGVFDQEHDFFXUDWHO\ILWWHGE\RQHFXUYHGXH
WR WKHLU RYHUODSSLQJ FKDUDFWHUV 7KH XQORDGLQJ FXUYHV DUH VKLIWHG DFFRUGLQJ WR WKHLU ILQDO GHSWKV WKH\ VKRZ WKH
VLPLODU EHKDYLRXU $V D UHVXOW ZH FDQ VD\ WKDW WKH DVFDVW %1L VROGHU DOOR\ KDV LGHQWLFDO HODVWLF DQG SODVWLF
GHIRUPDWLRQPHFKDQLVPVWKURXJKRXWWKHHQWLUHORDGUDQJH>@
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)LJ1DQRLQGHQWDWLRQORDGGLVSODFHPHQWFXUYHVIRUDVFDVW%1LEUD]LQJDOOR\D,QGHQWDWLRQWHVWVFRQGXFWHGWRGLIIHUHQWFRQGLWLRQV
E,QIOXHQFHVRIORDGLQJUDWHVRQORDGGLVSODFHPHQWF/RDGGLVSODFHPHQWPHDVXUHGDWGLIIHUHQWPD[LPXPORDGV
7KH UHVXOWLQJ YDOXHV RIPRGXOXV DUH SORWWHG DV D IXQFWLRQ RI SHQHWUDWLRQ GHSWKV DV VKRZQ LQ )LJ <RXQJ¶V
PRGXOXV LVE\DYHUDJLQJ WKHQDQRLQGHQWDWLRQH[SHULPHQWDO UHVXOWV DQGFRPSDUHGZLWKFRPPRQO\DFFHSWHGYDOXHV
IURPWKHOLWHUDWXUH)LJDOVRVKRZVWKDWWKHPRGXOXVZLWKWKHSHQHWUDWLRQGHSWKVLQFUHDVLQJ7KHDYHUDJHPRGXOXV
YDOXHRI*SDKDVEHHQJRWWHQ7KHUHSRUWHGUHVXOWRQWKH<RXQJ¶VPRGXOXVRI%1LLVDURXQG*3D>@
ZKLFKKDVVDPHRUGHURIPDJQLWXGHWRRXUFRQVHTXHQFH+RZHYHUWKHSRVVLEOHUHDVRQVIRUWKLVGLVDJUHHPHQWPD\EH
LQ VHYHUDO DVSHFWV GXH WR WKH GLIIHUHQFHV RI PHDVXULQJ WHFKQLTXHV )LUVWO\ WKH PHDVXUHPHQW LV ORFDO DQG FDQ EH
LQIOXHQFHGE\ORFDOGHIHFWVVXFKDVYRLGVLQFOXVLRQVDQGFU\VWDOOLQHGHIHFWV:KHUHDVWKHVHDOORZLQVLJKWVLQWRWKH
PLFURVFRSLF EHKDYLRU VXIILFLHQW VWDWLVWLFV DUH UHTXLUHG WR REWDLQ D PHDQLQJIXO YDOXH 6HFRQGO\ WKH LQGHQWDWLRQ
GHSWKV DUH VPDOO WKH VXUIDFH VWDWH URXJKQHVV SUHVHQFH RI R[LGH IULFWLRQ HIIHFWV FDQ LQIOXHQFH WKH UHVXOWV >@
+HQFHQDQRLQGHQWDWLRQLVLOOXVWUDWHGDQHIIHFWLYHPHWKRGWRREWDLQWKHPDWHULDO¶VSURSHUWLHV
7KH FKDQJH RI KDUGQHVV IRU %1LZLWK WKH ORDG LV JLYHQ LQ )LJ  7KH DYHUDJH KDUGQHVV LV *3DZKLFK
FDOFXODWHGE\(T,WLVZHOONQRZQWKDWLQGHQWDWLRQVL]HHIIHFW,6(XVXDOO\LQYROYHVDGHFUHDVHLQWKHPHDVXUHG
DSSDUHQW KDUGQHVVZLWK LQFUHDVLQJ DSSOLHG WHVW ORDGZLWK LQFUHDVLQJ LQGHQWDWLRQ VL]H ,QYHVWLJDWLRQV >@ KDYH
FRQILUPHGWKDWKDUGQHVVRIYDULRXVEXONPDWHULDOVZHUHLQGHQWDWLRQVL]HGHSHQGHQWHVSHFLDOO\DW ORZHUSHDNORDGV
+RZHYHULQRXUFDVHKDUGQHVVRIDVFDVW%1LGRHVQ¶WVKRZORDGGHSHQGHQWEHKDYLRU7KHORDGLQFUHDVHUHVXOWVLQ
PRUH FRQYHUJHQW DQG D OLWWOH ORZHU KDUGQHVV IRU DVFDVW %1L ILOOHU PHWDO 7KHUH LV YHU\ OLWWOH HYLGHQFH IRU DQ
LQGHQWDWLRQVL]HHIIHFWWKHKDUGQHVVUHPDLQVPRUHRUOHVVFRQVWDQWRYHUWKHHQWLUHUDQJHRIORDG,WLVLOOXVWUDWHGWKDW
WKHKDUGQHVVLVLQGHSHQGHQWRILQGHQWDWLRQVL]HHIIHFWEHFDXVHRIDVFDWWHUGLVWULEXWLRQRIWKHKDUGQHVV
D
E F
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)LJ+DUGQHVVDVDIXQFWLRQRIWKHORDGIRUDVFDVW%1LVROGHUDOOR\
3.2. Yield strength and work hardening exponent 
7KH<RXQJ¶VPRGXOXV DQG KDUGQHVV RI DVFDVW %1L ILOOHU PHWDO PHDVXUHG E\ QDQRLQGHQWDWLRQ H[SHULPHQWV
KDYHEHHQUHSRUWHGDERYH7KHSODVWLFSURSHUWLHVRI%1LILOOHUPHWDOVXFKDV\LHOGVWUHQJWKDQGZRUNKDUGHQLQJ
H[SRQHQW DUH QRW ZHOO NQRZQ 6RPH UHFHQW VWXGLHV KDYH SURSRVHG PRGHOV IRU H[WUDFWLQJ WKHVH SURSHUWLHV RI D
PDWHULDOIURPWKHLQGHQWDWLRQORDG±GLVSODFHPHQWFXUYHV>@
3ODVWLF EHKDYLRXU RIPDQ\ SXUH DQG DOOR\HG HQJLQHHULQJPHWDOV FDQ EH FORVHO\ DSSUR[LPDWHG E\ D SRZHU ODZ
GHVFULSWLRQDVVKRZQVFKHPDWLFDOO\LQ)LJ$VLPSOHHODVWRSODVWLFWUXHVWUHVV±WUXHVWUDLQEHKDYLRULVDVVXPHGWR
EH


y
n
y
E for
R for
H V V
V
H V V
d­° ®
t°¯
  
ZKHUHELVWKH<RXQJ¶VPRGXOXVRDVWUHQJWKFRHIILFLHQWnWKHVWUDLQKDUGHQLQJH[SRQHQWDQG³\WKHLQLWLDO\LHOG
VWUHVV DW ]HURRIIVHW VWUDLQ ,Q WKHSODVWLF UHJLRQ WUXH VWUDLQ FDQEH IXUWKHUGHFRPSRVHG WR VWUDLQ DW\LHOG DQG WUXH
SODVWLFVWUDLQZKLFKLVZULWWHQDV y pH H H  )RUFRQWLQXLW\DW\LHOGLQJWKXV
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)LJ7KHSRZHUODZHODVWRSODVWLFVWUHVV±VWUDLQEHKDYLRUXVHGLQWKHFXUUHQWVWXG\

)LJ6FKHPDWLFLOOXVWUDWLRQRIDW\SLFDOP-hUHVSRQVHRIDQHODVWRSODVWLFPDWHULDOWRLQVWUXPHQWHGVKDUSLQGHQWDWLRQ
:LWK WKH DERYH DVVXPSWLRQV DQG GHILQLWLRQV D PDWHULDO¶V HODVWRSODVWLF EHKDYLRU LV IXOO\ GHWHUPLQHG E\ WKH
SDUDPHWHUVEvV\DQGn >@:KLOH WKH<RXQJ¶VPRGXOXVDQGKDUGQHVVRIFDVW ILOOHUPHWDO%1LPHDVXUHGE\
QDQRLQGHQWDWLRQH[SHULPHQW WKHSODVWLFSURSHUWLHVRI%1LVXFKDV\LHOGVWUHQJWKDQGZRUNKDUGHQLQJH[SRQHQW
DUHQRWZHOONQRZQ6RPHUHFHQWVWXGLHVKDYHSURSRVHGPHWKRGRORJLHVIRUSODVWLFSURSHUWLHVSUHGLFWLRQE\PDNLQJ
XVHRIFRPSOH[IXQFWLRQVRIWKHVWUDLQKDUGHQLQJH[SRQHQWEDVHGRQQDQRLQGHQWDWLRQGDWD>@,QWKLVVWXG\DQ
DSSURDFKLVXVHGZKLFKSURSRVHGE\'DRHWDO>@
AmLVWKHWUXHSURMHFWHGFRQWDFWDUHDPHDVXUHGDWWKHPD[LPXPORDGPmaxDQGFDQEHLGHQWLILHGZLWKWKHKDUGQHVV
RI WKH LQGHQWHGPDWHULDO7KHPD[LPXPLQGHQWDWLRQRQGHSWKhmRFFXUVDWPmax DQG WKH LQLWLDOXQORDGLQJVORSH LV
GHILQHGDV
mh
dP
dh
7KH:WWHUPLV WKHWRWDOZRUNGRQHE\ORDGPGXULQJORDGLQJWe LVWKHUHOHDVHGHODVWLFZRUN
GXULQJXQORDGLQJDQGWKHVWRUHGSODVWLFZRUNWp=WtWe7KHUHVLGXDOLQGHQWDWLRQGHSWKDIWHUFRPSOHWHXQORDGLQJ
LVhr
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)LJ  VKRZV WKH W\SLFDO P-h UHVSRQVH RI DQ HODVWRSODVWLF PDWHULDO WR VKDUS LQGHQWDWLRQ 'XULQJ ORDGLQJ WKH
UHVSRQVHFDQEHGHVFULEHGE\.LFN¶VODZ
P Ch   
ZKHUHPLVWKHLQGHQWDWLRQORDGhLVWKHLQGHQWDWLRQGHSWKCLVWKHORDGLQJFXUYDWXUHFDQEHJLYHQE\>@
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ZKHUHV0.033LVWKHUHSUHVHQWDWLYHVWUHVVDWDSODVWLFVWUDLQRIGHWHUPLQHGE\WKHJHRPHWU\RILQGHQWHU>@ 3 
LVDGLPHQVLRQOHVVIXQFWLRQDQG E LVWKHUHGXFHG<RXQJ¶VPRGXOXV7KHUHODWLRQVKLSEHWZHHQUHSUHVHQWDWLYHVWUHVV
DQG\LHOGVWUHVVLVWKHQJLYHQE\>@
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ZKHUHhmLVWKHPD[LPXPLQGHQWDWLRQGHSWK
mh
dP
dh
LVWKHVORSHRIXQORDGLQJDQG 3 LVDGLPHQVLRQOHVVIXQFWLRQ
7KHDSSURDFKHVWRH[WUDFW\LHOGVWUHQJWKVyDQGZRUNKDUGHQLQJH[SRQHQWnDUHPRVWO\EDVHGRQWKHFKDUDFWHULVWLF
SDUDPHWHUVRIDP-hFXUYHQDPHO\C
mh
dP
dh
DQGhr/hm
7KHDQDO\VLVSURFHGXUHXVHGWRFDOFXODWHWKH\LHOGVWUHQJWKDQGZRUNKDUGHQLQJH[SRQHQWLQWKLVVWXG\DUHVKRZQ
LQ)LJ,QRUGHUWRFDOFXODWHWKHVHWZRYDOXHVFRQYHQLHQWO\WKHPDWODEVRIWZDUHZDVXVHG
7DEOH  OLVWV WKH SDUDPHWHUV REWDLQHG IURP WKH ORDGGLVSODFHPHQW FXUYHV 7KHVH DUH HVVHQWLDO SDUDPHWHUV WR
FDOFXODWH WKH\LHOGVWUHQJWKDQGZRUNKDUGHQLQJH[SRQHQWXVLQJGLPHQVLRQDODQDO\VLVSURSRVHGE\'DRHWDO >@
7DEOHOLVWVWKHPHFKDQLFDOSURSHUW\UHVXOWVDFTXLUHGIURPWKHQDQRLQGHQWDWLRQWHVWVDQGDQDO\VLVIURP'DR¶VPRGHO
7DEOH3DUDPHWHUVREWDLQHGIURPORDGGLVSODFHPHQWFXUYHIRUGLPHQVLRQDODQDO\VLV
0DWHULDO C*3D
mh
dP
dh
N1PP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m
h
h

$VFDVW%1L  î  
7DEOH0HFKDQLFDOSURSHUWLHVREWDLQHGIURPQDQRLQGHQWDWLRQWHVWVDQG'DR¶VPRGHO
0DWHULDO
E 
*3D
v 
E 
*3D
V\
03D
V 
03D
n 
H 
03D
$VFDVW%1L       

&RQFOXVLRQV
,QWKLVVWXG\QDQRLQGHQWDWLRQWHVWVZHUHSHUIRUPHGWRREWDLQWKHSDUDPHWHUVRIDVFDVW%1LILOOHUPHWDOHODVWR
SODVWLFSURSHUWLHV7KHNH\UHVXOWVRIWKLVUHVHDUFKFDQEHVXPPDUL]HGDVIROORZV
 1DQRLQGHQWDWLRQ ORDGGLVSODFHPHQW UHVSRQVHV IRU DVFDVW %1L ZHUH REWDLQHG 7KH ILOOHU PHWDO KDV
LGHQWLFDOHODVWLFDQGSODVWLFGHIRUPDWLRQPHFKDQLVPVWKURXJKRXWWKHHQWLUHORDGUDQJH,WLVIRXQGWKDWDVFDVW%1L
LVORDGLQJUDWHLQVHQVLWLYHWKURXJKWKHDQDO\VLVRIWKHORDGLQJFRQGLWLRQV
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n  

)LJ3URFHGXUHIRUH[WUDFWLQJZRUNKDUGHQLQJH[SRQHQWDQG\LHOGVWUHQJWKXVLQJ'DR¶VPRGHO
 <RXQJ¶VPRGXOXVDQGKDUGQHVVZHUHPHDVXUHGE\QDQRLQGHQWDWLRQH[SHULPHQWV7KH<RXQJ¶VPRGXOXVKDV
EHHQREWDLQHGZKLFKKDVWKHVDPHRUGHURIPDJQLWXGHWROLPLWHGGDWDDYDLODEOHLQWKHOLWHUDWXUH,WLVFRQILUPHGWKDW
QDQRLQGHQWDWLRQLVDQHIIHFWLYHPHWKRGWRLQYHVWLJDWHWKHPHFKDQLFDOSURSHUWLHVRIPDWHULDOV7KHKDUGQHVVUHPDLQV
PRUHRUOHVVFRQVWDQWRYHUWKHHQWLUHUDQJHRIORDGVKRZVWKDWWKHKDUGQHVVLVLQGHSHQGHQWRILQGHQWDWLRQVL]HHIIHFW
 7KH\LHOGVWUHQJWKDQGZRUNKDUGHQLQJH[SRQHQWZHUHH[WUDFWHGIURPWKHORDGLQJXQORDGLQJFXUYHVXVLQJ
'DR¶VPRGHO
$FNQRZOHGJHPHQWV
7KLVUHVHDUFKZDVVSRQVRUHGE\6KDQJKDL3XMLDQJ3URJUDP1R3-'
5HIHUHQFHV

>@  =-&KHQ0:DQJ//)HQJ(IIHFWRIEUD]LQJFOHDUDQFHRQPLFURVWUXFWXUHDQGVWUHQJWKRIZHOGHG MRLQWRI/VWDLQOHVV VWHHO >-@
$GYDQFHG0DWHULDOV5HVHDUFK
>@  ;: :X 56 &KDQGHO +3 6HRZ :LGH JDS EUD]LQJ RI VWDLQOHVV VWHHO WR QLFNHOEDVHG VXSHUDOOR\ >-@ 0DWHULDOV RI 3URFHVVLQJ
7HFKRQRORJ\
>@  :&-LDQJ-0*RQJ677X(IIHFWRIKROGLQJ WLPHRQYDFXXPEUD]LQJIRUDVWDLQOHVVSODWHILQVWUXFWXUH>-@0DWHULDOVDQG'HVLJQ
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